We examined the characteristics of family 45 endoglucanases (glycoside hydrolases family 45; GH45) from Mucorales belonging to Zygomycota in the use of textiles and laundry. The defibrillation activities on lyocell fabric of family 45 endoglucanases from Mucorales, such as RCE1 and RCE2 from Rhizopus oryzae, MCE1 and MCE2 from Mucor circinelloides, and PCE1 from Phycomyces nitens, were much higher than those of the other family 45 endoglucanases. By contrast, family 45 endoglucanases from Mucorales were less resistant to anionic surfactant and oxidizing agent, main components in detergents, than the other family 45 endoglucanases. RCE1 consists of two distinct modules, a catalytic module and a carbohydrate-binding module family 1 (CBM1), and these common specific characteristics were considered to due to the catalytic module, but not to the CBM1.
Cellulose is the major plant cell wall polysaccharide and is degraded by cellulases. This degradation is considered to be achieved by the synergistic action of three types of cellulase components: endoglucanases (EC 3.2.1.4, endo--D-1,4-glucanases), cellobiohydrolases (EC 3.2.1.91), and -glucosidases (EC 3.2.1.21). 1) Most cellulosic fabrics consisting of cellulosic fibers, such as cotton, linen, ramie, viscose, and lyocell, have a tendency to form microfibrils. The accumulation of microfibrils on the surface of the fabrics make the fabrics look hairy and scatters incident light, thereby lessening the brightness of the original colors. These phenomena are considered to be negative features of cellulosic fabrics. Hence, the removal of the microfibrils (defibrillation) is necessary to increase the commercial value of cellulosic fabrics. In the textile and detergent industries, endoglucanases are used to remove microfibrils from the surface of cellulosic fabrics, enhancing color brightness. [2] [3] [4] [5] Although lyocell fabrics possess many positive attributes for high-quality fabrics, they have the negative characteristic to form larger quantities of microfibrils than other cellulosic fabrics in the dyeing, finishing, and washing processes. Hence, high defibrillation of lyocell fabrics by endoglucanase treatment is in demand for textile use. 6) Family 45 endoglucanases (glycoside hydrolases family 45; GH45) are the main endoglucanases used in the textile and detergent industries because of their high defibrillation activities, 6, 7) and many fungal family 45 endoglucanases have been purified and characterized. The fungal kingdom is classified into four phylums: Ascomycota, Basidiomycota, Chytridiomycota, and Zygomycota. Zygomycota is classified into two classes: Zygomycetes and Trichomycetes. 8) Furthermore, Zygomycetes is classified into 12 orders: Mucorales, Entomophthorales, Zoopagales, Endogonales, Amoebidiales, Eccrinales, Harpellales, Asellariales, etc. In our previous studies, six endoglucanases, RCE1, RCE2, and RCE3 from Rhizopus oryzae, 9,10) MCE1 and MCE2 from Mucor circinelloides, 11) and PCE1 from Phycomyces nitens 12) were isolated as family 45 endoglucanases from Mucorales, and the encoding genes rce1, rce2, rce3, mce1, mce2, and pce1 were cloned. Of various fungal family 45 endoglucanases, only RCE1, RCE2, RCE3, MCE1, MCE2, and PCE1 had cellulose-binding module family 1 (CBM1) at the N terminus, structures unique to family 45 endoglucanases from Mucorales. [10] [11] [12] The optimum temperatures for carboxymethyl cellulase (CMCase) activities of RCE1, RCE2, MCE1, MCE2, and PCE1 were 45 to 55 C, lower than those of the other family 45 endoglucanases (55 to 75 C). [9] [10] [11] [12] In the present study, we compared the characteristics of various family 45 endoglucanases, and examined the specific common characteristics of family 45 endoglucanases from Mucorales in the use of textiles and laundry.
First, the defibrillation activities of the purified RCE1, RCE2, MCE1, MCE2, and PCE1 on cotton or lyocell fabric were compared with those of the other purified family 45 endoglucanases, EGL3 and EGL4 from Humicola grisea 13) (Humicola grisea is classified in y To whom correspondence should be addressed. Fax: +81-49-284-7598; E-mail: jinichiro koga@meiji.co.jp Abbreviations: CBM, cellulose-binding module; CMCase, carboxymethyl cellulase; LAS, linear alkyl benzene sulfonate the anamorphic fungi of phylum Ascomycota, class Ascomycetes 8) ) and BCE1 from Beltraniella portoricensis.
14) (Beltraniella portoricensis is classified in the anamorphic fungi of phylum Ascomycota, class Ascomycetes, order Xylariales 8) ). RCE1, 9) RCE2, 9) MCE1, 11) MCE2, 11) PCE1, 12) EGL3, 13, 15) EGL4, 13, 16) and BCE1 14) were purified as described. Defibrillation activity was estimated as the amount of microfibrils released from dyed cotton or lyocell fabric in the presence of endoglucanases, as described previously. 17) Dyed cotton or lyocell knit fabric (Brown color knit fabric [L values: 28 .47], 6 Â 8 cm, 2.0 g) was added to various amount of endoglucanase in 40 ml of 2 mM sodium phosphate buffer or sodium acetate buffer (optimum pH of each enzyme), then the reaction mixture was incubated for 60 min at 40 C in 500-ml stainless steel pots of a Launder Meter L-20 (Daiei Kagaku Seiki MFG, Kyoto), rotating at 40 rpm. After incubation, defibrillation activity was evaluated by the amount of microfibrils released by measuring the turbidity of the reaction mixture at O.D. 595 nm. One unit (u) of activity was defined as the amount of enzyme that released microfibrils at 0.3 O.D. in 60 min. The defibrillation activity of endoglucanase was calculated as the number of units per mg of enzyme. Protein concentrations were determined by Bradford's method using a protein assay kit with bovine serum albumin as the standard. 18) As shown in Fig. 1A , the defibrillation activities on cotton fabric of RCE1 (7.1 u/mg), RCE2 (7.3 u/mg), MCE1 (10.7 u/ mg), MCE2 (7.0 u/mg), and PCE1 (4.6 u/mg) did not differ much from those of EGL3 (14.3 u/mg), EGL4 (5.5 u/mg), and BCE1 (3.4 u/mg). However, the defibrillation activities on lyocell fabric of RCE1 (203 u/mg), RCE2 (210 u/mg), MCE1 (205 u/mg), MCE2 (105 u/ mg), and PCE1 (114 u/mg) were much higher than those of EGL3 (28 u/mg), EGL4 (11 u/mg), and BCE1 (8.5 u/ mg) (Fig. 1B) . These results indicate that family 45 endoglucanases from Mucorales are more effective for defibrillation on lyocell fabric than the other family 45 endoglucanases and might be a useful tool in the textile industry. Since lyocell is a pure cellulosic fiber made from wood pulp dissolved with methylmorpholine-Noxide as a solvent, family 45 endoglucanases from Mucorales might be suitable for degrading wood cellulose rather than cotton cellulose. Furthermore, the degree of crystallinity of lyocell or wood cellulose is lower than that of cotton, indicating that family 45 endoglucanases from Mucorales might be effective for degradation of noncrystalline cellulose.
In general, detergents contain nonionic and anionic surfactants and bleaching agent (oxidizing agent), etc. Since anionic surfactants and oxidizing agents invariably denature proteins partially or completely, endoglucanases for laundry use must to some extent be resistant to anionic surfactants and oxidizing agents as well as having high defibrillation activity. 19 ) Hence, we examined the resistance to these agents of family 45 endoglucanases. The concentration (I 50 value) of sodium dodecyl benzene sulfonate (LAS; anionic surfactant) or sodium hypochlorite (oxidizing agent) that inhibited 50% of the CMCase activity of endoglucanase without LAS or sodium hypochlorite was measured. The resistance to an anionic surfactant or oxidizing agent was estimated by the I 50 value of each endoglucanase. The CMCase activities of RCE1, RCE2, MCE1, MCE2, and PCE1 were inhibited by LAS with I 50 of 92, 94, 50, 50, and 37 mM respectively, lower than the I 50 values for EGL3 (301 mM), EGL4 (201 mM), or BCE1 (574 mM). The CMCase activities of RCE1, RCE2, MCE1, MCE2, and PCE1 were inhibited by sodium hypochlorite with I 50 of 18, 19, 10, 10, and 7.6 mM respectively, lower than the I 50 values for EGL3 (36 mM), EGL4 (25 mM), or BCE1 (51 mM). These results indicate that family 45 endoglucanases from Mucorales are less resistant to anionic surfactants and oxidizing agents than the other family 45 endoglucanases and might not be suitable for laundry use.
RCE1 consists of two distinct modules, N-terminal CBM1 (family 1) and C-terminal catalytic module (family 45). To identify the module involved in the high defibrillation activity on dyed lyocell fabric and low resistance to anionic surfactants and oxidizing agents, the characteristics of RCE1 and RCE1 lacking CBM1 20) were compared. As shown in Table 1 , defibrillation activity on the dyed lyocell fabric of RCE1 lacking CBM1 was 169 u/mg, slightly lower than that of RCE1 (203 u/mg). Furthermore, the CMCase activity of RCE1 lacking CBM1 was inhibited by LAS or sodium hypochlorite with I 50 of 93 or 18 mM, almost the same as that of RCE1 (92 mM for LAS or 18 mM for sodium hypochlorite). These results indicate that the high defibrillation activity on dyed lyocell fabric and low resistance to anionic surfactants and oxidizing agents of RCE1 are mainly due to the catalytic module, not to the CBM1.
Phylogenetic tree analysis of the amino acid sequences of catalytic modules of family 45 endoglucanases indicates that the catalytic modules of RCE1, RCE2, RCE3, MCE1, MCE2, and PCE1 are evolutionarily nearer than the other endoglucanases (Fig. 2) , and that the high defibrillation activity on dyed lyocell fabric and low resistance to anionic surfactants and oxidizing agents by the catalytic module of RCE1 might also be adapted to RCE2, RCE3, MCE1, MCE2, and PCE1. We are now proceeding to identify the amino acid regions of the catalytic module involved in these specific characteristics of family 45 endoglucanases from Mucorales. Cellulase The analysis was done based on a comparison of amino acid sequence data using the Clustal W ver. 1.83 program. Scale bar = 0.1% amino acid substitutions. Bootstrap percentage values (0 to 100%) from 1,000 resamplings are shown above the internal nodes.
